Objectives-To assess right atrium (RA) function of patients with systemic lupus erythematosus (SLE) and pulmonary artery hypertension (PAH) by 2-dimensional speckle-tracking echocardiography.
impairment, which could lead to endocarditis, pericardial, myocardial, and coronary artery diseases, and arrhythmia, is suggested to be related to poor survival, although with lower morbidity than lupus nephritis and infections. [3] [4] [5] By analyzing a lot of sample data, Kim et al 6 found that SLE might be an independent predictive factor for heart failure, and right atrium (RA) function can provide an objective understanding of heart lesion features and can be important for assessment and treatment of disease. The incidence of right heart failure was remarkably higher in patients with SLE. 6, 7 Pulmonary artery hypertension (PAH) is a common complication of SLE, and it is the third leading cause of mortality in patients with SLE. 8 Among patients with SLE and PAH, right heart failure with circulatory collapse and superimposed respiratory failure is a common cause of death. In patients with PAH, the increased afterload in the right ventricle (RV) will lead to functional and morphologic alterations of the RV. 9 Moreover, RA function is the critical factor for RV filling, and RA dysfunction may initiate right heart failure in patients with PAH. 10 Assessment of RA dysfunction is important for evaluating right heart failure in the treatment of patients with PAH. 11, 12 The right heart system consists of the RV and RA. The systolic function of the RA has been reported to be critical for preservation and compensation of right heart function, particularly in patients with PAH. 10, 13, 14 It is difficult to evaluate the RA using 2-dimensional (2D) cross-sectional imaging modalities because of the complex shape and orientation of the RA. However, 2D speckle-tracking echocardiography, which is an effective, quantitative, and noninvasive technique, could automatically track the movement of the entire cardiac cycle by tracking myocardial deformation. 15, 16 This process allows noninvasive and quantitative assessment of global or regional myocardial function. 2D speckle-tracking echocardiography can reflect the movement of the RA clearly and repeatedly, as it is independent of the angle between the sound velocity and direction of wall motion. 2D speckle-tracking echocardiography has been confirmed as effective in evaluating RA function in various circumstances. 17 Sakata et al 15 combined 2D speckle-tracking echocardiography with right heart catheter technology and demonstrated that 2D speckle-tracking echocardiography could effectively assess RA function. In this study, we wanted to assess RA function through strain and the strain rate by 2D speckle-tracking echocardiography in patients with SLE suspected of having PAH.
Materials and Methods

Study Population
In this study, 102 patients had a diagnosis of SLE from October 2015 to May 2017 at the Second Affiliated Hospital of Dalian Medical University. The clinical diagnostic criteria of all patients with SLE met the criteria of the 2012 Systemic Lupus International Collaborating Clinics. 18 The pulmonary artery (PA) systolic pressure of all patients was measured by the peak continuous wave Doppler echocardiographic velocity of tricuspid regurgitation. 19 Patients with SLE were divided into 3 groups according to their PA systolic pressure. Group B included 37 patients without PAH (PA systolic pressure 30 mm Hg); group C included 34 patients with PAH (PA systolic pressure of 30-50 mm Hg); and group D included 31 patients with PAH (PA systolic pressure 50 mm Hg). Thirty healthy volunteers comprised group A, who served as controls.
Those with heart failure, congenital heart diseases, coronary heart disease, cardiomyopathy, valvular heart disease, moderate/severe pericardial effusion, a history of infectious myocarditis, and pulmonary obstructive diseases were excluded from this study. All patients and volunteers provided written informed consent to participate in this study, and the protocol was approved by the Institutional Review Board and Ethics Committee of the Second Affiliated Hospital of Dalian Medical University.
Conventional Echocardiographic Measurements
Echocardiographic parameters were measured with a Vingmed Vivid 7 scanner (GE Vingmed Ultrasound, Horten, Norway) equipped with an M3s 1.7-3.4-MHz transducer. After a 15-minute rest period in the supine position in a quiet room at 23 8C, the blood pressure (BP) of each participant was measured thrice to calculate the mean BP. Then, a stable electrocardiogram was recorded at 60 to 80 frames per second in the left lateral decubitus position during 3 consecutive cardiac cycles on the basal segment. Images of the RA were obtained in apical 4-and 2-chamber views during breath holding. The PA systolic pressure was calculated according to this formula: PA systolic pressure (millimeters of mercury) 5 4 3 peak velocity of tricuspid regurgitation 2 1 RA pressure. The RA pressure was estimated by echocardiography based on respiratory variation and the diameter of the inferior vena cava (IVC). An IVC diameter of less than 2.1 cm that collapses greater than 50% with a sniff indicates a normal RA pressure of 3 mm Hg; however, an IVC diameter of greater than 2.1 cm that collapses less than 50% with a sniff or less than 20% with quiet inspiration indicates a high RA pressure of 15 mm Hg; if the IVC diameter and collapse do not fit this paradigm, an intermediate value of 8 mm Hg is used.
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The RA maximum volume, RA minimum volume, and RA preatrial contraction volume were obtained from an apical 4-chamber view, and RA passive ejection fraction [maximum volume 2 preatrial contraction volume)/maximum volume)] and RA active ejection fraction [(preatrial contraction volume 2 minimum volume)/maximum volume) could be calculated.
Two-Dimensional Speckle-Tracking Echocardiographic Parameter Analysis
The images were analyzed by EchoPAC offline analysis software (GE Vingmed Ultrasound). At the same time, the range curves of the endocardium were manually depicted in an apical 4-chamber view to obtain the RA myocardium as a region of interest. Then, 3 points including both sides of the tricuspid annulus and the roof of the RA were marked in a single cardiac cycle. The other 6 trace points on the RA wall were supported, and the 9 spots in the region of interest of the entire cardiac cycle were tracked and analyzed automatically by the software. Finally, the longitudinal stress-strain curve and global peak longitudinal systolic strain, early diastolic strain, and late diastolic strain rates of the RA were obtained.
Statistical Analyses
Analyses were conducted with SPSS version 17.0 software for Windows (IBM Corporation, Armonk, NY). Quantitative data are presented as mean 6 standard deviation. An analysis of variance was used to compare and analyze the 4 groups of independent samples. A 1-way analysis of variance was used to compare and analyze data between 2 groups. P < .05 was considered statistically significant.
Results
Participant Characteristics
The 102 patients with SLE were aged 20 to 52 years with a mean age of 43.2 6 9.3 years. Among these patients, 11 were male and 91 were female, for a sex ratio of 1:8.3. Participant characteristics by group are shown in Table 1 . In the 4 groups, no significant differences were found in terms of sex, age, diastolic BP, systolic BP, and body mass index (P > .05). However, the difference between the heart rate (HR) in group D and the other groups was statistically significant (P < .05; Table 1 ).
Two-Dimensional Speckle-Tracking Echocardiographic Parameters
No significant differences were found in all parameters between groups A and B (P > .05). The RA maximum volume, minimum volume, preatrial contraction volume, active EF, and late diastolic strain rate in group C were significantly increased compared with those in groups A and B (P < .05), whereas the RA passive EF, early diastolic strain rate, and systolic strain rate were significantly decreased (P < .05). In addition, the RA maximum volume, minimum volume, preatrial contraction volume, active EF, and late diastolic strain rate were significantly increased in group D compared with the other groups (P < .05), whereas the RA passive EF, early diastolic strain rate, and systolic strain rate were significantly decreased (P < .05; Table 2 and Figure 1 ).
Discussion
Pathogenesis of PAH in SLE Pulmonary artery hypertension is a rare but severe complication of SLE. 20 The mechanism of PAH in SLE is dormant, but it progresses rapidly in that many patients are clinically silent: that is, without manifestations of SLE activity. 21 According to literature reports, 22 the incidence of PAH in patients with SLE has gradually increased in recent years, and it would increase with lengthening of the disease duration.
Pulmonary artery hypertension has been identified as an independent prognostic factor and the third leading cause of mortality in patients with SLE. 8 The mechanism of the complication of PAH in patients with SLE remains unclear. The PAH induced by SLE can be categorized into primary and secondary, 23 but an immune response and inflammation are the major causes of the PAH process. 24 The pathogenesis of primary diffuse pulmonary vasculitis includes 3 subsets: (1) thromboembolic diseases, including anti-phospholipid antibody syndrome; (2) noninflammatory vascular remodeling; and (3) immune-mediated vasculopathy, which could lead to pulmonary vasculitis. 25 The pathogenesis of secondary diffuse pulmonary vasculitis includes the following subsets: (1) cardiovascular disease, such as mitral stenosis or regurgitation, leading to left atrial-pulmonary hemodynamic changes, and elevated left atrial pressure, leading to increased PA pressure; (2) anticardiolipin antibodies and proteins involved in interfering with the blood coagulation pathway, such as thrombin and plasmin, which could promote thrombosis, leading to pulmonary embolism; and (3) repeated inflammatory stimuli and ischemia-hypoxia caused by interstitial lung disease, which could result in the reduction of the pulmonary vascular bed reserve and finally increase pulmonary vascular pressure. 26, 27 In this study, no significant differences were found in terms of sex, age, diastolic BP, systolic BP, and body mass index (P > .05) among the 4 groups. Nevertheless, the HR in group D was significantly higher than in the other 3 groups (P < .05). The HR was varied by atrial pacing, and an increased HR was related to reduced RV contractility. 28 The mechanism of the higher HR in group D, however, remains very complex and unclear.
Right Atrium and This Study
The RA plays an integral role in cardiac performance in terms of reservoir, conduit, and contractile functions.
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Reservoir Function
The RA receives blood from the superior vena cava and IVC. When the tricuspid valve closes, the RA fills with venous return and prepares for ventricular filling. In our study, the RA maximum volume, minimum volume, and preatrial contraction volume were significantly increased in groups C and D (P < .05), indicating that the RA was enlarged with the gradual increase in the filling pressure 30, 31 and it was also shown that RA reservoir function was enhanced. Furthermore, the decreased systolic strain indicated a decline in RA reservoir function. The RV systolic function was enhanced in PAH, which led to the increase in the RA volume; as a result, myocardial cells could not accommodate the rapid pressure changes, finally resulting in a decline of RA reservoir function. These findings demonstrated that the extent of RA overload and RA dysfunction could be evaluated by 2D speckle-tracking echocardiography in patients with SLE and PAH, and these findings were consistent with some reports. 15, 32 Conduit Function On the early opening of the tricuspid valve, the RA acts as a conduit for the blood that enters the RV through the active pumping process of the RV. The significantly decreased RA passive EF and early diastolic strain rate (P < .05) indicated a decline in the RA conduit function. It usually occurred during early diastole of the ventricle because of the active pumping of the RV. Right ventricle diastolic function was decreased in patients with PAH, suggesting that the active pumping function of the RV was reduced, which eventually led to a decline in the RA conduit function.
Contractile Function
During the ventricular diastolic period, because of the pressure in the RV, the atrial myocardium will produce active contractions to ensure the amount of filling so that more blood can be injected into the RV. 33 The RA active EF and late diastolic strain rate were significantly increased in groups C and D (P < .05), suggesting that the active RA contractile function was increased. A previous study 31 showed that the FrankStarling law was also suitable for the RA. With the increase in the RA preatrial contraction volume, the initial length of the myocardium was increased. The active contraction of the myocardium was also increased, and more blood flowed into the RV from the RA to maintain the RV filling volume. 15 Accordingly, the RA plays an important role in maintaining RV output. Raymond et al 30 showed that changes in the RA diameter could be independent risk and prognostic primary mortality factors in patients with PAH. Padeletti et al 34 reported that 2D speckle-tracking echocardiographic parameters were the strongest predictors of PAH, suggesting that RA function declines with increased pulmonary pressure. This finding was consistent with that of our study. Therefore, evaluating the structural and functional changes of the RA in patients with SLE and PAH is of great clinical importance. In recent years, numerous reports have confirmed that 2D speckle-tracking echocardiography could accurately evaluate changes in RA function. 15, 17, [35] [36] [37] [38] [39] Limitations Our results have some limitations. The quality of the 2D image would directly determine the results of 2D speckletracking echocardiography, and the accuracy of the image could be affected when the image is blurry. There are some confounding factors, such as obesity and intercostal space narrowing, which may impede image quality. The unclear endocardium may also affect the result. In addition, when EchoPAC is used for endocardial marking, the inaccuracy of the endocardial marking can lead to deviations in the results. Last, only 102 patients were selected for this study because only a limited number of patients in the extremely severe group could be obtained, and it took long time to collect more patients with elevated PA pressures. In light of these situations, we would select more patients to study in the future.
Conclusions
Two-dimensional speckle-tracking echocardiography could effectively assess and evaluate RA conduit, reservoir, and contractile functions in patients with SLE who have different severities of PAH and could aid clinicians in treating such patients.
